Background: Modulation of gene transcription by HDAC inhibitors has been shown repeatedly to be neuroprotective in cellular, invertebrate, and rodent models of Huntington's disease (HD). It has been difficult to translate these treatments to the clinic, however, because existing compounds have limited potency or brain bioavailability. Objective: In the present study, we assessed the therapeutic potential of LBH589, an orally bioavailable hydroxamic acidderived nonselective HDAC inhibitor in mouse models of HD.
INTRODUCTION
Huntington's disease (HD) is a progressive autosomal neurodegenerative disease characterized by selective neuronal loss that is especially prominent in the striatum and cerebral cortex. Although the exact causes of neuronal death in HD remain unclear, it seems likely that multiple molecular derangements culminate gradually in degenerative changes and cell death [1] and there is evidence for the involvement of a number of pathogenic mechanisms such as transcriptional dysregulation, mitochondrial dysfunction, excitotoxicity, oxidative stress and impaired proteolysis [2] . Numerous studies have implicated direct and 348
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indirect alterations in transcription due to the presence of mutant huntingtin as well as the therapeutic potential of modulating transcription [3, 4] . Histone deacetylase (HDAC) inhibitors, which promote histone hyperacetylation and selective gene transcription, including suberoylanilide hydroxamic acid (SAHA), sodium valporate, sodium butyrate, phenyl butyrate, trichostatin A (TSA), selisistat, HDACi 4b have all been shown to be neuroprotective in cellular, drosophila, and/or mouse models of HD [5] [6] [7] [8] [9] [10] [11] [12] . Since these compounds also enable acetylation of proteins uninvolved in epigenetic regulation, they may have more pleiotropic benefits as well. Among the principal challenges for developing these potential treatments for HD patients have been limited potency and poor brain bioavailability.
Although the majority of these HDAC inhibitors work broadly on all HDAC isoforms (pan inhibitors), it is not yet clear whether selective inhibitors would offer any advantages compared to the pan-inhibitors. Significant efforts are currently underway on the pharmaceutical development of isoform specific HDAC inhibitors and genetic validation studies in which HDAC KO mice are crossed with HD models to assess the effect of each HDAC isoform on HD phenotype. While pharmacological targeting of HDAC1/ HDAC3 has been shown to ameliorate disease phenotype in HD models, genetic depletion of HDAC3, HDAC5, HDAC6, HDAC7, and HDAC9 had no effect on an HD phenotype [10, 11, [13] [14] [15] . So far, HDAC4 is the only HDAC whose genetic knock down improves behavioral and neuropathological phenotypes in HD mice and development of potent, selective small-molecule inhibitors of HDAC4 is underway [16, 17] . While progress has been made to create selective inhibitors, many challenges exist towards designing isoform selective HDAC inhibitors with favorable CNS characteristics.
LBH589 (Panobinostat), is a potent, orally bioavailable hydroxamic acid based deacetylase inhibitor which inhibits all Class I, II and IV HDAC enzymes at low nanomolar concentrations [18] . It has been under development, either alone or in combination with other compounds for oncological, inflammatory and viral diseases, including, Cutaneous T Cell lymphoma (CTCL), Hodgkin's lymphoma, acute myeloid leukemia (AML), breast cancer, prostate cancer, diffuse intrinsic pontine gliomas (DIPG) and HIV [19] [20] [21] [22] [23] . Panobinostat was recently approved by the FDA as a combination therapy with bortezomib and dexamethasone for patients with recurrent multiple myelomas [24] . In this report we assessed its potential for HD using transgenic R6/2 and full-length CAG140 knock-in mouse models of HD. Our results demonstrated that LBH589-treatment prevented neuronal shrinkage in R6/2 mice and significantly ameliorated the behavioral and neuropathological phenotypes in CAG140 knock-in mice.
MATERIALS AND METHODS

Animals
This study was performed using female R6/2 and CAG 140 mice. R6/2 and CAG 140 KI males from stable colonies maintained at MGH facility were bred with females from their background C57BL/6 × CBA F1. The progeny were genotyped by PCR using DNA extracted from tail tips [25] and were housed five per cage under standard conditions with ad-libitum access to water and food. The CAG repeat length of R6/2 mice was 125-132. To ensure homogeneity of experimental cohorts mice from the same F generation were systematically assigned to experimental groups such that age, weight and CAG repeat lengths were balanced. All animal experiments were carried out in accordance with the NIH Guide for the Care and Use of Laboratory animals and were approved by institutional animal care and use committee at MGH.
Pharmacokinetics
Plasma and brain levels of LBH589 were determined by HPLC/MS method at Novartis Institute for Biomedical Research (Basel).
Drug treatment
LBH589 and the vehicle were obtained from the Novartis Institute for Biomedical Research (Basel). Mice were administered ip injections of LBH589 at the dose rate of 10 or 30 mg/kg every other day. Drug suspension was made fresh daily. Treatment was started from four weeks of age in R6/2 mice and from 6 weeks of age in CAG 140 mice. Body weights were recorded weekly at the same time of day. Treatment with LBH589 continued until death or euthanasia when triggered by pre-specified clinical criteria approved by the facility veterinarian, which was defined by the inability of the mice to right themselves thrice, within 20 seconds of being pushed onto one side.
Behavioral analyses
Motor performance was assessed using an accelerating rotarod (Stoelting, Ugo Basile, Italy) at 5, 8 and 11 weeks of age in R6/2 mice and 2,4,6,8 and 10 months of age in CAG 140 KI mice. At the beginning of each week, mice (n = 14-15) were trained for 30-seconds at a slow speed of 4.5 rpm. Subsequently, three trials were performed for three consecutive days. In each trial, mice were placed onto the rotarod at a constant speed of 4.5 rpm for 5 seconds, which then accelerates at a constant rate until a terminal angular velocity of 45 rpm was reached. The latency to fall from the rotarod was recorded for each mouse and the average of three trials was used for statistical analysis.
Histology
Histopathological analyses were performed at 90 days of age in R6/2 mice and at 10 months of age in CAG 140 mice. Mice were deeply anesthetized, then transcardially perfused with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were post-fixed with perfusant for 2 days, cryoprotected in a graded series of 10% and 20% glycerol/2% DMSO, and serially sectioned at 50 m using a Leica SM 2000R freezing microtome (Leica, Wetzlar, Germany). Every eighth section was stained with thionin for striatal volume and neuronal volume analysis. Data was analyzed by ANOVA using the GraphPad Prism software. Results were considered statistically significant when p < 0.05.
Stereology
All analyses were performed blind using unbiased stereological approaches, StereoInvestigator software (MicroBrightField, Williston, VT, USA), and a Leica DMLB microscope with a motorized stage (Leica, Wetzlar, Germany). Striatal volumes were estimated on every 8th coronal section using the Cavalieri method. Stereological counts of neuronal cell body were obtained from the neostriatum at the level of the anterior commissure using the nucleator as described previously [26] . Data was analyzed by ANOVA.
Protein extraction and immunoblotting
Frozen murine cortical tissues were homogenized in PBS containing Complete EDTA-free Protease Inhibitor Cocktail (Roche Applied Science, USA) and 1 mM PMSF, using a Kontes Pellet Pestle (Kimble/Kontes, USA). Frozen muscle tissues were instead homogenized in the same buffer using an Omni Tissue Homogenizer (Omni, USA). Both homogeneates were then sonicated with a Branson Sonifier (Branson Ultrasonic Corp., USA) and lysed overnight at 4ºC in 2X volume of 63 mM Tris buffer pH 6.8, 2% SDS, 10% glycerol, 1 mM DTT, Complete EDTA-free Protease Inhibitor Cocktail and 1 mM PMSF. Protein concentration was quantified with the BCA protein assay kit (Pierce, Thermo Scientific, USA) and analyzed by SDS-PAGE and western blot analysis using anti-acetyl histone H3 antibody (06-599; Millipore, USA),anti-histone H3 antibody (9715;Cell Signaling Technology Inc., USA), anti-GADPH (MAB374; Millipore) and antiactin (A2066; Sigma-Aldrich, USA). Proteins were visualized using an ECL detection substrate (Pierce, Thermo Scientific, USA).Protein levels were quantified by densitometry with the ImageJ software (NIH, USA), normalizing to actin or GAPDH levels.
Statistical analysis
Analyses were performed either using SAS software (version 9.1 Cary, NC) or using GraphPad Prism software (version 5.0, San Diego, USA). All the behavioral and body weight data with repeated measures was analyzed by SAS using a mixed model method that includes age by treatment effects. All Stereological data was analyzed by one-way analysis of variance (ANOVA) using GraphPad Prism. For Immunoblotting, two-tailed, unpaired Student t-test was used to determine the statistical significance between two groups. Results were considered statistically significant when p < 0.05.
RESULTS
Pharmacokinetic profiling of LBH589
Initial pharmacokinetic studies were performed using C57/BL6 mice. Mice were given a single ip injection of 10 mg/kg LBH589, sacrificed at 0.08, 0.5, 1, 2, 4, 8, and 24 hr post-dosing (n = 3 at each time point) and brain and plasma levels were analyzed by LC-MS/MS (LOQ = 1-6 pmol/mL in plasma, 23 pmol/g in brain). The compound was rapidly eliminated from the systemic circulation (Fig. 1A) . Although brain penetration was limited early, the brain to plasma ratio increased favorably with time, from 0.04 at five minutes to 0.59 at 2 hours to 3.66 at 24 hours post injection. The half-life of the compound was 7.6 hr in plasma and 15 hr in brain. Brain and plasma levels in R6/2 HD mice were comparable to wild-type mice. Two hours after injection, the average plasma and brain levels in R6/2 mice (n = 5) were 319 ± 85 pmoles/ml and 110 ± 51 pmoles/g respectively (Fig. 1B) .
LBH589 increases histone acetylation in HD mice
We assessed histone H3 acetylation as a pharmacodynamic marker of HDAC inhibition in R6/2 mice. LBH589 has been previously demonstrated to rapidly induce histone acetylation in various tumor tissues [18] . R6/2 mice were treated with either vehicle or LBH589 at the dose rate of 20 mg/kg/three times per week for 3 weeks and the acetylation of histone H3 was determined in brain and muscle tissue by western blotting. When assessed in R6/2 mice sacrificed 2 hr after the last dose, total H3 acetylation significantly increased in brain (2.8 fold, t(7) = 3.57, p = 0.0091) and even more so in muscle (9.5 fold, t(7) = 3.36, p = 0.0120) ( Fig. 2A-B) .
LBH589 reduces striatal neuronal atrophy in R6/2 mice
We first tested the in vivo efficacy of LBH589 in the R6/2 mouse model of HD. These mice express an exon-1 fragment of human huntingtin and undergo rapid progression of disease with death occurring near three months of age [27] . To determine the optimal dose and dosing frequency for the efficacy studies, we first performed chronic and sub-chronic tolerability studies, in which groups of mice (n = 10-15) were treated with different doses from 100 mg/kg to 10 mg/kg. The higher dose of 100 mg/kg three times per week resulted in a 12% loss of body weight within one week of initiating treatment. Doses of 60 mg/kg three times per week and 30 mg/kg/day were also poorly tolerated as they resulted in 18% and 14% loss in body weight respectively after 2 week of treatment. However, no significant loss in body weight in R6/2 mice was observed with 10 or 20 mg/kg three times per week after 4 week of treatment (Supplementary Table 1) .
Based on the pilot tolerability studies, we selected 10 and 30 mg/kg, three times per week for studies intended to examine efficacy. Treatments were started from 28 days of age and continued until spontaneous death or euthanasia. Our higher dose of 30 mg/kg three times per week resulted in significant loss in body weight at 7 weeks of age (F 2,82 = 10.46, p < 0.0001) and was subsequently reduced to 20 mg/kg three times per week; even then this dose was toxic as the mean survival of mice in this group was significantly lower than the vehicle-treated mice (Supplementary Figure 1) . Some loss in body weight was also observed with the lower dose of 10 mg/kg at the later stage of disease (Fig. 3A) . No loss in body weight was observed in wild-type mice dosed with 30 mg/kg three times a week up to 10 week of age (data not shown). There was no effect of LBH589 on the motor performance of R6/2 mice (F 2,40 = 0.63, p = 0.53) (Fig. 3B) . Mice were treated with LBH589 at the dose rate of 20 mg/kg/three times per week for 3 weeks and acetylation levels were determined two hrs after the last injection. LBH589 treatment significantly increases total H3 acetylation in both brain and muscle tissue. GAPDH and Actin are used as loading controls and the level of AcH3 was normalized to total histone H3 level. n = 4-5. P value * p < 0.05; * * p < 0.01. Error bars = S.E.
Unbiased stereological approaches were used to measure striatal and neuronal atrophy. Although striatal volume was unaltered, we found a significant reduction in neuronal cell body atrophy in R6/2 mice with LBH589-treatment (F 2,25 = 9.330, p = 0.0009) (Fig. 3C-D) . The average volume of striatal neuronal cell bodies in wild-type mice was 549.2 ± 23.8 m 3 , as compared to 422.5 ± 14.6 m 3 in 13-week-old R6/2 mice. LBH589-treated (10 mg/kg) R6/2 mice had a mean striatal neuronal cell body volume of 525.6 ± 25.4 m 3 , which was significantly greater (20%) than vehicle-treated R6/2 control mice. This neuroprotective effect at the highest tolerated dose in R6/2 mice raised the possibility that systemic toxicity in a fragile mouse model could have obscured finding more significant benefits. Since full-length mouse models of HD have a more protracted phenotype and are less sensitive to toxicity, we tested LBH589 further in the CAG140 knock-in model.
LBH589 ameliorates behavioral and neuropathological phenotype in CAG 140 knock-in mice
CAG 140 knock-in mice express the full-length human huntingtin gene, which causes a more gradual functional and neuropathological disease progression [28] . These mice have a normal lifespan and a phenotype analogous to presymptomatic and early symptomatic disease in humans. Mice were treated with 10 mg/kg LBH589 three times a week starting from 6 weeks of age. In the knock-in mice the drug was well tolerated up to 5 months without any significant loss of body weight; however, some loss in body weight was observed after 5 months of treatment (F 1,26 = 10.01, p = 0.0039) (Fig. 4A) . LBH589-treated mice performed significantly better on accelerating rotarod as compared to vehicle-treated knock-in mice (Fig. 4B) . Rotarod testing revealed a significant benefit of treatment (F 1,24 = 5.78, p = 0.0243). Latency to fall was improved by 25% at 6 months (246 ± 23 s in vehicle-treated mice, 329 ± 21 s in LBH589-treated mice, p = 0.018) by 30% at 8 months (207 ± 22 s vehicle-treated mice, 294 ± 28 s in LBH589-treated mice, p = 0.013) and by 36% at 10 months of age (197 ± 20 s in vehicle-treated mice, 305 ± 21 s in LBH589-treated mice, p = 0.004). Although it is feasible the reduction in body weight could have contributed to an improvement in rotarod performance of the mice, the magnitude of improvement in motor performance was quite large compared to the limited reduction in body weight, suggesting a more direct benefit. Next we examined whether LBH589 could Fig. 3 . Efficacy of LBH589 in R6/2 HD mouse model. A-B. Bars: solid black = HD vehicle; light gray = low dose, dark gray = high dose, white = wild-type vehicle-treated. A) Higher dose (30 mg/kg) of LBH589 has a negative effect on body weight and a small negative effect of lower dose (10 mg/kg) was also observed at later stages of 11-12 weeks. B-C) LBH589-treatment does not improve the motor performance or striatal volume of R6/2 HD mice D) Stereological quantification of striatal neuronal cell body volume revealed small but significant reduction in neuronal cell body atrophy with the dose of 10 mg/kg. Error bars represent SEM, n = 9-10; * * p < 0.01. reduce neuronal degeneration in knock-in mice (KI), in addition to R6/2 mice. All analyses were performed blind using unbiased stereological approaches. There were modest but significant reductions in striatal atrophy (F 2,13 = 54.81, p < 0.0001) and striatal neuronal volume (F 2,13 = 68.39, p < 0.0001), confirming the neuroprotective effects of LBH589-treatment (Fig. 4 C-D) . The total striatal volume of vehicle-treated KI mice (11.1 ± 0.1 m 3 ) was considerably smaller than in wild type littermates (13.2 ± 0.2 m 3 ). However, LBH589-treatment significantly mitigated that striatal volume loss (11.8 ± 0.1 m 3 ). Unbiased measurement of neuronal cell body volumes were obtained from the neostriatum using the nucleator method (see methods). The average volume of striatal neuronal cell bodies in wild-type mice was 726 ± 13.9 m 3 , as compared to 497 ± 9.9 m 3 in 10 month old CAG140 KI mice (p < 0.0001). LBH589-treatment (10 mg/kg) significantly reduced striatal neuronal atrophy by 25%, compared to vehicle-treated knock-in mice, for a mean volume of 657 ± 16.6 m 3 .
DISCUSSION
Pan-HDAC inhibition has been validated as a therapeutic target for HD using a variety of compounds and pre-clinical models [29, 30] . Although significant effort has been made in the identification and development of class and isoform selective HDAC inhibitors with favorable CNS characteristics, many challenges remain. LBH589 is a novel hydroxamic acid-based deacetylase inhibitor that potently inhibits all Class I, II and IV HDAC enzymes at low nanomolar concentrations, that has been examined in humans in numerous phase II/III clinical trials for various oncology indications and was recently approved (Panobinostat) by the FDA for treating multiple myeloma [18, 24] . LBH589 is at least 10-fold more potent than SAHA, another hydroxamic acid HDAC inhibitor that has previously been shown to improve motor impairment in R6/2 mice [5, 18] . In the present study, we evaluated its potential for HD in two preclinical mouse models utilizing relevant neuropathological and behavioral outcome measures. Collectively, the data we report helps validate LBH589 preclinically as a potential disease modifying therapy for HD. LBH589 is an available medication for which there is existing clinical experience and safety database and its efficacy suggests that non-selective HDAC inhibition may be sufficient for clinical development for HD. We found that LBH589 crosses the blood brain barrier, increases brain histone acetylation levels and prevents regional and neuronal atrophy of the striatum in R6/2 mice. Surprisingly, motor performance was not improved, despite the amelioration of neuropathology, We reasoned that even relatively low doses of LBH589 could have a deleterious impact on motor phenotype in the fragile R6/2 model given the observed limits of tolerability. Indeed, motor performance benefits related to LBH589-treatment, as well as neuropathologic benefits were observed in the more tolerant full-length CAG 140 knockin HD mice, which have a more subtle and less rapidly progressing disease analogous to presymptomatic and early symptomatic disease in humans. Motor performance of LBH589-treated knock-in mice progressively diverged by 25%, 30% and 36% at 6, 8 and 10 months of age respectively compared to vehicle-treated controls. Stereologic measurement of total striatal volume and striatal neuronal cell body volumes were significantly higher in CAG140 mice treated thrice weekly with 10 mg/kg of LBH589.
Though demonstration of neuroprotective efficacy of LBH589 in two models (a fragment and a fulllength model) is supportive of clinical development, especially if these findings are replicated independently, the mechanisms of neuroprotection by HDAC inhibition continue to be uncertain. Although we show that LBH589 increases histone acetylation, which could restore altered gene expression, which genes might be relevant to disease modification is unknown and other acetylase activities targeting non-histone proteins could be operative such as those involved in DNA repair (Ku70), cytoskeletal regulation (␣-tubulin), and protein trafficking and turnover (Hsp90). Enhancement in mutant huntingtin clearance by altering its acetylation with an HDAC inhibitor has also been reported [31] . It is likely that more than one pathway contributes to the observed beneficial effect of LBH589, and perhaps its nonselectivity is advantageous.
Extensive literature is available on safety, pharmacology and toxicity of LBH589 in humans [32] [33] [34] . It is currently being tested in phase II/ III clinical studies in Cutaneous T Cell lymphoma (CTCL), Hodgkin lymphoma, acute myeloid leukemia (AML), breast cancer, prostate cancer and AIDS. LBH589 has also shown beneficial effects for spinal muscular atrophy and for childhood brain tumor-DIPG in the preclinical studies, and is currently being developed as a phase I drug for children with DIPG through the Pediatric Brain Tumor Consortium. It has recently been approved by FDA as a combination therapy with bortezomib and dexamethasone in patients with recurrent multiple myelomas. Knowledge gained from the widening clinical use of LBH589, could enable its testing in HD patients. Although our data demonstrating disease-modifying benefits in two mouse models suggests that LBH589 is a potential therapeutic candidate for clinical assessment in HD patients, tolerability and long-term safety remain concerns. Significant side effects encountered in clinical studies of LBH589 include fatigue, nausea, vomiting, diarrhea, thrombocytopenia and prolonged QTc intervals [33] [34] . These could be mitigated by lower or more intermittent dosing for HD. Carefully planned early phase trials would be needed to optimize the dosing of LBH589 for HD patients and to assess the feasibility of further development. Examining the molecular pathways targeted by LBH589 in HD and their pharmacodynamics could help establish an optimum dose regimen and identify useful biomarkers.
